We have measured the metastable decay of protonated, ammonia-doped, deuterated water clusters produced in an electrospray source, d n -NH 4 + (H 2 O) 3 , n ¼ 0-6. The mass spectra show a very strong odd-even effect, consistent with a low degree of scrambling of the hydrogen bound to water and to the ammonia. The relative evaporation rate constant for light water was almost twice the one for heavy water, with the rate for mixed protium-deuterium water molecule intermediate between these two values.
Introduction
The structure of water is intimately linked to the hydrogen bond, both determining the properties of bulk water and those of nite size droplets. Several effects related to the hydrogen bonds are of fundamental interest, such as hydrogen quantum mechanical tunneling 1,2 and hydrogen mobility in general. The use of clusters in molecular beams to study the phenomenon of hydrogen scrambling can provide detailed insight into the phenomenon because this type of experiments can be performed with exactly known numbers of constituents. This allows a mapping of the development of quantities with particle size. The possibility to add deuterium in controlled doses allows further details to be revealed because of the ease with which a replacement of a protium with a deuteron is detected mass spectrometrically.
Several studies have indicated that the hydrogen exchange in protonated water clusters occurs on the time scales of molecular beam experiments or faster. From the experiments reported in ref. 3 it was concluded that collisions at thermal energies between deuterium labelled water and hydronium ions lead to an exchange with an efficiency corresponding to the collision cross section. The exchange between hydronium ions and ammonia, on the other hand, was limited to transfer of the charge to the ammonia, with no replacement of the other three hydrogen taking place. Theoretical simulations, which usually cover rather short time scales, also give indications of very rapid hydrogen scrambling in water. [3] [4] [5] [6] [7] The tendency is not universal, however, as indicated by the mixed results on exchange in ref. [8] [9] [10] where ligand water molecules are exchanged intactly, without any evidence for scrambling. Experimentally, isotope distributions in decay products following low and medium energy collisions between ammoniated water clusters with water molecules have shown a low tendency to H/D exchange for the smallest clusters, with an increasing trend with cluster size. 11, 12 For pure water clusters, in contrast, isotope-resolved fragmentation yields following low energy collisions of light water clusters with heavy water molecules were interpreted in ref. 13 as very rapid H/D exchange rates for small clusters, with rates decreasing with increasing cluster size, although the measured branching ratios in fact showed the opposite size dependence. The somewhat counter-intuitive interpretation emphasizes the need for experiments with more transparent interpretations.
The small amount of H/D exchange in the small ammoniawater cluster could be assigned to the different proton affinity of water and ammonia, although this in itself does not prevent hydrogen exchange between the two types of molecules. The difference in proton affinity between the free ammonia and the water molecules, 1.7 eV, 14 is not representative of the difference in binding energies of protonated ammonia and water molecules in a cluster. Studies of evaporative branching ratios show that protonated water clusters doped with even a single ammonia molecule have an observable branching ratio to loss of ammonia, and consequently for the transfer of a proton to the water molecules. 15 Given the low equivalent temperature of these clusters (signicantly below room temperature), this fact implies a strong reduction in the effective difference in proton affinity in the cluster. The values of the evaporative free energy differences extracted from the experiments are around 0.05 eV for a range of small mixed water ammonia clusters. 15 The question of hydrogen scrambling between the ammonia and water molecules is therefore not as trivial as the values of the vacuum proton affinities suggest. The small free energy differences alone suggest a facile exchange of protons, but obviously does not address the question of the value of the energy barrier for the proton exchange in the cluster which, for the scrambling, is then the only relevant parameter.
The spontaneous decay of preformed species allows these phenomena to be studied without the complications due to attachment and the re-evaporation processes that occur in collision experiments, and hence neither collisional energy transfer nor unimolecular reactions need to be modelled to interpret the data. This article reports experiments on the scrambling of the smallest protium and deuterium containing protonated ammonia-water clusters.
Experimental procedure
The experimental apparatus used is shown in Fig. 1 . It has been used previously in ref. [15] [16] [17] [18] and is well tested. The positively charged clusters were produced in a corona discharge source (position (A) in Fig. 1 ) and entered vacuum through a 10 cm long capillary held at room temperature. The voltage on the STM-needle that was used to create the discharge was kept at a potential at 4 kV. Aer entry into vacuum, the cluster ion beam was guided through an octopole which was ooded to ca. 3 Â 10 À2 mbar of heavy water vapor pressure with a needle valve, and where low energy cluster-water molecule collisions and the subsequent incorporation of deuterium took place. The kinetic energy of the clusters did not exceed 5 eV in the octopole. For cluster sizes up to a total of ve molecules, the source predominantly produced species containing a single ammonia molecule and a varying number of water molecules. The clusters were not mass selected at this point. Aer passage through the octopole and a set of electrostatic lenses, the clusters were accelerated to 50 keV (position indicated by a (B)), mass selected in a magnet (at position (C)) and then ew freely for 3.37 m (position (D)). They were then energy-analyzed in a hemispherical electrostatic analyzer 17 (at (E)), which effectively performed a mass analysis of the cluster distribution created by the decay of the mass selected species during the free ight aer acceleration. The processes measured were of the nature
where the water molecule lost can in principle be any of the three isotopologues of the water molecule, light, heavy and mixed water, to the extent the parent clusters contain enough of the isotopes. The ight time for the NH 3 (H 2 O) 3 H + through the eld free region was approximately seven ms, varying only little with deuterium content. Most clusters did not undergo any unimolecular decay during free ight, and for those that did, loss of more than one molecule was negligible.
The mass distribution produced in the source was measured with a scan of the magnetic eld. The compositions of the clusters were tested for several masses by collision with an inert gas in a gas cell located at the mid-point of the free ight path and the fragments identied analogously to the procedure used without the inert gas present.
In a second procedure, the deuterium in the form of heavy water was introduced into the nascent clusters in the corona discharge region. The mass spectrum was recorded but the intensity of the beam only allowed measurements of spontaneous decay of the clusters containing one or two deuterium. These data will mainly be used for comparison with the main series, generated by collisions in the octopole.
Results and analysis
The degree of deuteration was, unsurprisingly, found to be related to the heavy water pressure in the octopole where the molecular attachment and exchange takes place. A magnet scan mass spectrum is shown in Fig. 2 for the pressure P ¼ 3.5 Â 10 À3 mbar. Independent of pressure, the cluster abundances were signicantly higher for the even than for the odd deuterium numbers. We observed that there was always only a very small signal for clusters where the last four hydrogen had been replaced by deuterium, even at high heavy water pressure in the octopole. This is either due to a strong preference for equilibrium distributions where the ammonia contains only protium, or that the rate of exchange is strongly reduced on the experimental time scales due to high energy barriers. A mass spectrum of the clusters that are deuterated already in the corona discharge region is shown in Fig. 3 . The isotopologue intensity distributions are smooth with little sign of odd-even effects. The average number of deuterium per water hydrogen atom is, for clusters with 1 through 4 water molecules, equal to 0.17, 0.17, 0.11, 0.17, suggesting a formation mechanism considerable different from the one in the octopole trap. The distributions of the number of deuterons and protons in these clusters are neither Poisson nor binomial distributions, from which we can rule out formation mechanisms described by the kinetics associated with these two theoretical distributions. The absence of odd-even effects in this spectrum is ascribed to the high energy processes involved in the formation of the ammonia molecules. We expect that the details of such mass spectra are determined by a number of factors, including details of the electronically excited states, plasma parameters, and the kinetics. A complete modelling of the situation is not only likely to be rather complicated but also to depend on specics of the source used. We will therefore not enter a discussion of this problem.
In the following we will analyse the measurements of the metastable decay of the NH 4 + (H 2 O) 3 clusters by the reaction in eqn (1) for all observed degrees of deuteration. The metastable branching ratio of all seven different isotope compositions represented in the beam were measured, both for the clusters produced by heavy water attachment in the octopole and for those few measurable species produced by ooding the STM needle with heavy water vapor. Single water molecules were observed to be the major loss during free ight. Ammonia loss by the reaction
was on the order of 1% for all clusters, except for a 12% branching for the ve-deuterium species. Ammonia loss was also observed in ref. 15 for the pure protium species studied there, likewise at the level of 1%, but ammonia loss fractions were seen for larger clusters. The channel was also seen in ref.
19, in collision experiments between deuterated ammonia and small protonated water clusters, albeit only at the high collision energy end. The loss of NH 3 alone, without the accompanying deuterated channel present, is consistent with the non-scrambling of the ammonia hydrogen observed in the absence of the four highest possible deuterated species in the mass spectra, mentioned above.
The loss of H 2 O from an undeuterated cluster should be unity but is experimentally observed to be 0.97. The small deviation from unity is ascribed to contamination and is indicative of the overall systematic uncertainty on the data. The total evaporation rates, i.e. the rates summed over all the three channels, corresponding to loss of H 2 O, HDO, and D 2 O, in the free ight region between the exit of the magnet and the entry into the mass analyser were identical for the different 
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The metastable decay fraction depends on the dissociation energy and, for a not too narrow excitation energy distribution, also on the heat capacity of the decaying cluster, 16 in addition to the normalizing pre-acceleration abundance. For the broad excitation energy distributions expected under the experimental settings used here, the dependence is linear in both the heat capacity and the dissociation energy. These dependences are consequences of broad internal excitation energy distributions. A detailed explanation of the origin of these dependences is given in ref. 16 and 20. The simplest explanation for the observations is that both of these quantities are independent of the isotopic distribution.
The water molecules evaporated were almost all pure light or heavy water species for the even deuterium number clusters, and both mixed and pure for the odd deuterium number clusters. This is illustrated by plotting the branching ratios of the HDO channel vs. the total deuterium content in the clusters. The values are shown in Fig. 4 , together with the branching ratios for the two other channels. There is a very pronounced odd-even effect, with the even deuterium number clusters evaporating virtually no HDO, and the odd number clusters evaporating between 23 and 30%. When deuterium numbers, D, are even, the almost vanishing branching to the HDO evaporation channel indicates that either no scrambling occurs or that the evaporation is selectively of the isotopically pure species.
The trend for the branching ratio of HDO and the step-like behavior for D 2 O are qualitatively well reproduced if we assume that there is no scrambling and that the evaporation rate constants for H 2 O, HDO, and D 2 O are proportional to their mole fraction in the clusters. The middle frame in Fig. 4 includes the calculated branching ratios under the three different degrees of hydrogen scrambling, assuming identical evaporation rate constants for all three evaporated molecular species. The situation that describes the data best at this level is the one with no scrambling in the clusters, and where any HDO present in the cluster is produced in the chamber before attachment intact to the cluster. For this situation, the probability of a HDO loss is 1/3 for the odd values of D and 0 for the even, corresponding to the relative HDO abundances in the cluster. In the second scenario protium and deuterium are scrambled completely among the water molecules only, and in the third freely between all possible sites in both the water and the ammonia. For the last two situations the isotope distributions of the emitted water molecules are given by
where I(D, d) is the probability of that the evaporating water molecule contains p hydrogen and d deuterium atoms (p + d ¼ 2), D is the total number of deuterium atoms before evaporation, and P is the corresponding number of hydrogen. When scrambling involves only the water molecules D + P ¼ 6, and when hydrogen bound to ammonia is also involved, the sum is D + P ¼ 10.
From the middle frame in Fig. 4 it is clear that the nonscrambling hypothesis fares signicant better than the two other possibilities. However, there are minor but signicant deviations from the predictions of branching ratios for the nonscrambling and equal rate constant model. We can relax the assumption of equal evaporation rate constants for the three different water species if we make the less far-reaching assumption that evaporation rates of the three isotopologues are not identical and instead proportional to the content of the molecular species in the cluster, but still otherwise independent of the composition of the cluster. This describes interactions between the water molecules in the cluster that are independent of the isotopic composition. We will also relax the assumption of no scrambling between the six water molecule hydrogen atoms.
We This generalizes eqn (3) by introducing specic D, d-dependent rate constants, and relaxing the assumption about the isotopologue populations. We can use normalized populations without loss of generality:
As a working hypothesis we will make the assumption that the amount of scrambling is symmetric, such that
This only has numerical consequences when D With these populations we can establish several predictions of the water-only scrambling hypothesis. They are as follows:
and four equations involving the ratio k 2 /k 0 :
and nally two equations for the ratio k 1 /k 0 :
The predictions from this set of equations are highly nontrivial because they give 14 relations for only two ratios of rate constants.
The relations in eqn (7) Both comparisons corroborate the preliminary conclusion of only a small degree of scrambling with the hydrogen in the ammonia core, and the overall agreement with the nonscrambling hypothesis must then be considered fairly good. The relations for the rate constants expressed by the q n 's, n ¼ 1-4, give values for k 2 /k 0 ranging from 0.49 to 0.64, with a average of 0.56 AE 0.05 (standard deviation of the mean). The last two ratios give k 1 /k 0 ¼ 0.71 AE 0.12 (all uncertainties quoted are one standard deviation). Not all ratios used are statistically independent and the uncertainties are likely to be slightly overestimated. In conclusion we nd that the evaporation of light water proceeds with almost twice the rate constant of the heavy water evaporation, and for the mixed molecule with a factor which is close to the geometric average of the light and heavy water rate constants.
We can use the results to nd the relative abundances of the different water species for all the different cluster compositions. Rewrite eqn (4) as
and sum these to normalization (eqn (5)), by multiplication of all rate constants with the common factor c(D):
This gives the relative populations
The populations calculated from the data with this equation are shown in Fig. 5 . With a few exceptions the data fall very close to the ratios 0, 1/3, 2/3 and 1 that are expected in the absence of scrambling between the water molecules.
Discussion
The hydrogen scrambling was found here to be marginal between the water molecules and almost absent for the ammonia core of the protonated clusters in this study. A reduced inter-ammonia scrambling was also observed in the owing aerglow experiments of ref. 4 , whereas water scrambling was found to be extensive. Other results, both experimental and theoretical, also suggest a facile scrambling of the hydrogen in the water molecules, see e.g. ref. 6 and 7, in addition to the cases already mentioned in the introduction. The virtually absence of H-D exchange in ammonia is similar to the transition metal in ref. 10 . We assign the resilience toward the exchange to high barriers and less to binding energy differences.
Evaporation rates measured on bulk surfaces in similar temperature ranges as ours have given similar results. In ref. 21 , it was found that the evaporation rate for D 2 O relative to H 2 O is a factor of approximately two lower. This is in striking agreement with the results here, in spite of the different nature of the systems studied. The collision induced dissociation (CID) of small protonated water clusters in ref. 4 produce the opposite conclusion, viz. that deuterium containing species are evaporated slightly easier. These data are measured on pure, protonated water clusters, but we suspect that also effects of non-equilibrium processes in the CID may be responsible for part of the discrepancy to the present data and the bulk water measurements.
An enrichment of deuterated species was likewise found in ref. 22 by preferential evaporation of light water molecules in a molecular beam. It is also of interest to note that the factor of two in the light-to-heavy water evaporation rates in the present experiments are also seen for the analogous processes in pure, protonated water clusters. 23 These data were recorded in a molecular beam in vacuum, i.e. under conditions very similar to those used to record the data reported here. Furthermore, experimentally measured nucleation rates of heavy and light water differ by a large factor (at identical P and T), with heavy water having the highest nucleation rate. 24 Given that nucleation involves a large number of absorption and evaporation events for each net molecule gained, this is consistent with the observed light water evaporation bias. These results are not directly transferable to the present experiments because of the different thermal conditions, but points to the same difference in evaporation rates.
Finally, the presence of the ammonia evaporation channel in the ve-fold deuterated species indicates a difference between isotopologues. It is interesting to note that spectroscopic studies show differences in structure for the similar systems of HD 8 O 4 + and H 9 O 4 + , 25 with the presence of two isotopomers for the former and one for the latter. The existence of more than one isotopomer goes beyond the spectroscopic changes induced by simple deuterium substitution, as for example described in ref. 26 . Such difference have been discussed previously, 27 and corroborate isotopologue-specic structures and hence cluster energies for the clusters studied here.
Conclusions
We have determined the relative evaporation rate constant for H 2 O, HDO and D 2 O from a protonated ammonia-containing water cluster with three water molecules with 0 to 6 deuterium. The populations were consistent with no scrambling, with only a couple of uncertain points. The rate constant for light water evaporation was twice the value for heavy water evaporation, with the mixed isotope composition between these two values. The methods used to analyze the data in this work are generally applicable for the study of similar quantities for deuterated water-containing clusters, for example in the study of the size dependence of scrambling efficiencies. Studies of pure clusters, either pure ammonia or water, will be of particular interest in this connection.
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